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By pulsed-laser deposition epitaxial thin films of Sr2FeMo06 have been prepared on (100) SrTiOs 
substrates. Already for a deposition temperature of 320°C epitaxial growth is achieved. Depending 
on deposition parameters the films show metallic or semiconducting behavior. At high (low) deposi- 
tion temperature the Fe,Mo sublattice has a rock-salt (random) structure. The metallic samples have 
a large negative magnetoresistance which peaks at the Curie temperature. The magnetic moment 
was determined to 4 per formula unit (f.u.), in agreement with the expected value for an ideal 
ferrimagnetic arrangement. We found at 300 K an ordinary Hall coefficient of —6.01 x 10^^" m''/As, 
corresponding to an electronlike charge-carrier density of 1.3 per Fe, Mo-pair. In the semiconducting 
films the magnetic moment is reduced to 1 /^s/f.u. due to disorder in the Fe,Mo sublattice. In 
low fields an anomalous holelike contribution dominates the Hall voltage, which vanishes at low 
temperatures for the metallic films only. 



PACS numbers; 75.30.Vn, 73.50.Jt, 75.70.-i 

The observation of colossal magnetoresistance in the 
half-metallic perovskite manganites has led to an in- 
tense research on ferromagnetic oxides.EI Recently, a large 
room temperature (RT) magnetoresistance was found in 
Sr2FeMo06 (SFMO)I, a material belonging to the class 
of double-perovskites {AA' BB'Oq)u Depending on the 
metal ion radius the B and B' ions arrange in a random 
or ordered fashion. For the latter a layered or rock-salt 
structure is observed. The high Curie temperature and 
the high spin-polarization render these materials attrac- 
tive as part of luagnetic field sensors, e.g. in magnetic 
tunnel junctionsu The results reported lately on epitax- 
ial thin film preparation on SrTiOs (STO) substrates are 
not consistent- Metallic as well as semiconducting behav- 
ior was found.ErLl Also the magnetic saturation moments 
were smaller than exnected suggesting disorder in the 
rock-salt arrangement.! Our goal was to find the prepa- 
ration parameters for metallic, fully ordered films. We 
investigate in this letter in detail the differences between 
epitaxial metallic and semiconducting films with respect 
to their structural, magnetic and magnetotransport be- 
havior, including Hall effect. We prepared a whole series 
of samples, but will discuss exhaustively two samples A 
and B which mark all the general differences. 

SFMO thin films were prepared by pulsed laser abla- 
tion in an oxygen partial pressure of 10~^ — 10~^ Torr 
or in argon atmosphere of 10^^ Torr from a stoichio- 
metric target on (100) STO substrates. During depo- 
sition the substrate temperature Td was constant with 
values covering the range from 300°C to 950°C. Crys- 
tal structure investigations were performed using a two- 
circle and a four-circle X-ray diffractometer. The mag- 
netic properties were determined with a SQUID magne- 
tometer. With a Mireau interferometer we evaluated the 
film thicknesses to typically 100 nm. By standard pho- 
tolithographic methods the samples were patterned to a 
3 mm wide and 8 mm long bridge. The longitudinal resis- 
tivity was measured by the standard four-point technique 



with a DC current. Below RT a standard superconduct- 
ing magnet and above RT a cryostat with a furnace in a 
RT bore were used. The procedure for Hall effect mea- 
surementS|-pf the patterned samples is described in detail 
elsewhere. □ 

The chemical composition of the films presented here 
was identical to the nominal composition of the target 
(Sr2FeMo06±5) as determined by Rutherford backscat- 
tering on a reference sample on MgO. Although the di- 
mension of the crystallographic unit cell is V2ao x V^clq x 
2ao, where gq is the lattice parameter for a single ABO^ 
perovskite (oo « 4 A) , we use the larger cell doubled in all 
directions to underline the symmetry of the B, B' rock- 
salt arrangement. The films have a (OOZ) orientation per- 
pendicular to the STO plane. A segregation into clusters 
of compositions ^MoOa (2ao = 7.950 A)ll3 and SrFeOa 
(2ao = 7.738 A)EI should be visible in X -ray diffraction 
either as severe peak broadening for small clusters or as 
peak splitting for large clusters. Both effects are not ob- 
served. The in-plane orientation, film axes parallel to 
substrate axes, was checked by (/)-scans of the symmetry 
equivalent {224} reflections. 

Both deposition temperature Td and oxygen partial 
pressure play a crucial role for phase formation and epi- 
taxy. Growth of SFMO films at oxygen partial pressures 
above 10~^ Torr was not possible irrespective of the sub- 
strate temperature, but a polycrystalline, yellow, insu- 
lating phase formed. Lower oxygen partial pressure dur- 
ing deposition stabilized formation of the SFMO phase. 
In the following we report the infiuence of the substrate 
temperature on phase formation and epitaxy for a series 
of films deposited at a very low oxygen partial pressure. 
This was realized either in flow of pure oxygen at a pres- 
sure of 10~^ Torr or in flow of pure argon (99.996%) at 
a total pressure of lO^^ Torr. At Td = 320°C there is a 
sharp phase boundary for the epitaxial thin film growth. 
For lower temperatures the same insulating yellow phase 
was observed. At 320° C up to the highest temperatures 
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achievable with our heater of 950° C the samples are sin- 
gle phase, dark and a high degree of a, b and c-axis ori- 
entation is achieved. Annealing these samples in an oxy- 
gen partial pressure of more than 10~^ Torr leads again 
to the polycrystalline yellow phase. Already at 320°C 
perfect epitaxial growth is obtained with rocking curve 
width Auj of the (004) reflections below 0.04°. Compared 
to results gained on other related perovskites as mangan- 
ites or high Tc superconductors, this is an astonishingly 
sharp crossover and low epitaxy temperature. A lowering 
of the epitaxy temperature will be expected for a perfect 
in-plane lattice match of film and substrate. However, 
this is not the case here. The bulk material is cubic with 
a doubled perovskite unit cell. It was refined inrthe space 
group Fm3m with a lattice constant of 7.897 A.E3 For the 
sample A, prepared at To = 320°C all axes, a, b and c, 
are elongated to 7.972 A and 8.057 A, respectively. The 
lattice mismatch to the substrate is 2%. 

With a higher Td the c-axis length decreases continu- 
ously while the rocking curve widths Aw of the (004) re- 
flection remain around 0.05° for substrate temperatures 
320 < Td < 910°C, as can be seen in Fig. |. 
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FIG. 1. Upper panel: Dependence of c-axis length (left 
axis) and rocking curve widths Auj of the (004) reflection 
(right axis) on deposition temperature Td; lower panel: De- 
pendence of resistance ratio p(300 K)/p(10 K) on substrate 
temperature dependence during fabrication. 

For higher deposition temperatures the rocking curves 
broaden to an angular spread of 0.23° at 930°C (sam- 
ple B). At this deposition temperature we obtained an 
in-plane lattice constant of 7.876 A and an out-of-plane 
constant of 7.896 A. Therefore the cell volume of sample 
B is decreased significantly by 4.5% compared to sample 
A. Investigations of the reciprocal lattice show clear dif- 
ferences in the {111} reflections of the two films. They 



are present in sample B but absent in sample A. Inten- 
sity in this reflection is generated by the Fe,Mo ordered 
rock-salt arrangement. The intensity ratio of the (111) 
and (004) reflection in sample B is close to the expected 
value in the tetragonal I4/mmm structure. In contrast 
the absence of this reflection in sample A indicates ran- 
dom B, B' site occupation resulting in an enlarged cell 
volume. The detailed dependence of the (111) intensity 
on Td will be the subject of a future study. In the fol- 
lowing we show that the differences in the crystal struc- 
ture go along with respective differences in the transport 
properties. 

The temperature coefficient of the resistivity depends 
on deposition conditions. For deposition temperatures 
320 < Td < 920° C the temperature coefficient is nega- 
tive, i.e. semiconductorlike behavior. 
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2. Temperature dependent resistivity in zero field and 
in 8 T magnetic field (left axis) 
and temperature dependence of negative magnetoresistance 
MR= [p{T, noH = T) - p{T, poH = 8 T)]/p(T, poH = T) 
(right axis). 

The transport properties for thesje-, semiconducting 
films are described in detail elsewhere.Ej Here we give in 
short the values for one of these films, sample A, whose 
crystallographic properties are discussed above. Its re- 
sistivity increases almost two orders of magnitude while 
cooling from RT down to 10 K. No significant MR is vis- 
ible in this sample which marks the lowest possible de- 
position temperature for epitaxial film growth. With in- 
creasing deposition temperatures the ratios between the 
RT resistivities and the respective low temperature re- 
sistivities (T = 10 K) increase, as is shown in Fig. ||. 
At 930°C finally the ratio is larger than unity, i.e. a 
metallic behavior occurs. The transition from a nega- 
tive to positive temperature coefficient of the resistivity 
is connected with the appearance of the (111) reflection 
signaling B, B'-site ordering. Figure || presents the re- 
sistivity (left axis) of the metallic sample as a function 
of temperature in zero field and in high magnetic field 
of 8 T. A positive temperature coefficient exists in the 
temperature range from 50 K to 500 K. Below 50 K a 
small increase can be observed with a residual resistiv- 
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ity at 4 K of 360 ^^Icm. The magnetic ordering shows 
up in the temperature dependence of the resistivity as a 
small anomaly in the zero field curve near the Curie tem- 
perature Tc- The anomaly vanishes by applying a high 
magnetic field. This temperature dependence is similar 
to the Sr-doped mangaiutes which have the highest Tc 
within the manganites-IU 

Two different regimes with a high magnetoresistance 
MR, defined by MR^[p{T,fioH = OT) - p{T,iJ,oH = 
8T)]/ p{T,fj,oH = OT) (right axis) can be distinguished. 
At very low temperatures the-MR increases supposedly 
due to grain boundary effects.Ej The peak at 380 K in the 
neighbourhood of the Curie temperature Tc is probably 
due to the suppression of spin-fluctuations by the exter- 
nal magnetic field. These ijesults are similar to those of 
polycrystalline manganites.ll3 The magnetic field depen- 
dence of the resistivity below and above (multiplied by a 
factor 10) Tc is shown in Fig. ||. 
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FIG. 3. High field magnetoresistance below and above 
(multiplied by a factor 10) the Curie temperature. 

Both curves have opposite curvatures. The MR is for 
small fields proportional to for T > Tc while for 
T < Tc a linear dependence is found in agreement with 
the symraetry considerations for the manganites by Sny- 
der et alti 

The Hall effect in a ferromagnetic material is described 
by 



Pxy = RhB + RaPqM 



(1) 



with the the magnetization M and the ordinary and. 
anomalous Hall coefficients Rh and Ra, respectively.tSl 
We evaluate in this paper the high field regime where 
the magnetization is close to saturation and dpxy/dB « 
dpxy/d{poH). We measured the Hall voltage Unaii with a 
current of 1 mA at constant temperatures T = 4, 150, 300 
K in magnetic fields up to 8 T. The results for sample 
B are shown in Fig. ^. In this figure the symbol sizes 
are larger than the experimental errors. With increasing 
temperature a steep increase of J/naii in low fields can be 
seen. At 1 T a maximum exists and at higher fields a 
linear negative slope is visible. This behavior is typical 
for ferromagnets where the anomalous Hall effect domi- 



nates due to the change in magnetization in low fields. At 
higher fields the magnetization saturates. Then accord- 
ing to Eq. 1^ the anomalous Hall contribution is constant 
and the ordinary Hall effect is apparent. In contrast to 
the manganites Ra is holelike and Rh electronlike. Q The 
same sign correlation as in SFMOj-was also observed in 
iron and ferromagnetic iron alloys. lj In the following we 
focus on the discussion of the linear slopes dpxy/d{poH) 
in the high-field regime, given only by the ordinary Hall 
contribution. 
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FIG. 4. Measured Hall voltages Uua.u (left axis) and trans- 
verse resistivities p^y (right axis) as functions of magnetic 
field for constant temperatures. 

We find at RT a Hall coefficent of -6.01 x 10^^° mVAs, 
corresponding to — 1.3 electrons per i3,_B'-pair in a 
single-band model. With decreasing temperature rie de- 
creases slightly to 0.9 electrons per f.u. The zero field 
mobility at 4 K and RT is calculated with these val- 
ues of the charge-carrier density to 232 mm^/Vs and 100 
mm^/Vs, respectively. A second metallic sample has al- 
most the same charge-carrier concentration. However, 
in the semiconducting films a higher rig of 4.1 electrons 
per B, i?'-pair is .oieasured and it increases with decreas- 
ing temperatureJlj The increase of the nominal charge- 
carrier density in the semiconducting sample compared 
to the metallic one and the high value shows, that a sin- 
gle band model is not appropriate for this compound and 
band structure effects dominate the Hall effect. Never- 
theless, we give the nominal charge-carrier concentration 
per f.u. for easier comparison with other reports. The 
values gained from the metallic sarrmle B are similar to 
single crystal data by Tomioka et alBi At RT we find an 
anomalous Hall coefficient i?^=1.56 x 10^^ m'^/As which 
vanishes for our metallic SFMO films at very low temper- 
atures. This is expected by theory for an undistorted fer- 
romagnetic state.y SQUID magnetization measurements 
confirm this picture showing full saturation near 4.0 
/is /f.u. The nonvanishing anomalous IfeU contribution 
in our semicpaducting SFMO thin filmsEj and the single 
crystal dataE2l is an indication for a distorted ferrimag- 
netic state, which is indicated also by the reduced mag- 
netizations of these samples. The values of the saturation 
magnetization Mg^^ are 1.0 /is /f.u. for the semiconduct- 
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ing SFMO film and 3.2 /xs/f.u. for the metallic single 
crystal. The reduction of the magnetic moment is due 
to B, -$i'-site disorder causing antiferromagnetic Fe-O-Fe 
bonds. eI Mofibauer measurements suggest a Fe'^+(S=5/2) 
configuration and with Mo^+(S=l/2) one exnepts in a 
ferrimagnetic arrangement a value of 4 /is/f.u.CJ In Fig. 
^ we show the hysteresis loop at 10 K for the metallic 
sample B. 
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FIG. 5. Ferromagnetic hysteresis curve for the SFMO film 
from -5 T to 5 T taken at 10 K. A linear diamagnetic back- 
ground from the substrate was subtracted from the raw data. 
The direction of H was in the plane of the film. 



The saturation magnetization Af^^ is close to the ideal 
value oiMf''° = 4 Ats/f.u. 

In Table ^ crystal structure, magnetotransport, and 
magnetization data of the samples A and B are listed 
to emphasize the differences between low temperature 
deposited SFMO thin films and their high temperature 
deposited counterparts. 

Concluding we prepared epitaxial Sr2FeMo06 thin 
films with a high degree of epitaxy by pulsed laser deposi- 
tion. Already for a substrate temperature during fabrica- 
tion of 320°C epitaxial growth is achieved. Depending on 
deposition parameters we found a strong variation in cell 
volume and degree of order of the B, B'-site occupation, 
resulting in metallic or semiconducting behavior of the 
resistivity. For the metallic samples the negative mag- 
netoresistance peaks in the neighbourhood of the Curie 
temperature. The magnetic moment is equal to the ex- 
pected value for a ferrimagnetic arrangement of the Fe 
and Mo cations. At low temperatures the anomalous Hall 
effect vanishes, indicating an undistorted ferrimagnetic 
state in agreement with magnetization measurements. 
The ordinary and anomalous Hall coefficients are neg- 
ative and positive, respectively. Both coefficients have 
reversed sign compared to the colossal magnetoresistive 
manganites. We found a charge-carrier concentration of 
1.3 electrons per f.u. at room temperature. 
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TABLE L Differences in physical properties of sample A 
(semiconducting) and sample B (metallic). 



Sample 


A 


B 


To (°C) 


320 


930 


a, 6-axes (A) 


7.972 


7.876 


c-axis (A) 


8.057 


7.896 


cell volume (A^) 


512.045 


489.800 


(111) reflection 


absent 


present 


p(300 K)/p(10 K) 


<< 1 


> 1 


negative MR 


absent 


present 


Rh(SOO K) (10"'° mVAs) 


-1.87 


-6.01 


Ra{4. K) 


present 


absent 




0.25 


1 
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